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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

ALTTTUDE PERFORMANCE CHARACTERISTICS OF THE
J73-GE-1A TURBOJET ENGINE

By Carl E. Campbell and E. Willlam Conrad

SUMMARY

An Investigation was conducted 1n an altitude test chamber at the
NACA TLewls laboratory to determine the performance characteristics of
the J73-GE-1A turbojet engine. This model engine had a flxed-area ex-
haust nozzle and was the first of a series of J73 productlon engines.
Performance data were obtained at simulated &ltitudes from 15,000 to
55,000 feet and at £light Mach numbers from approximately 0.07 to 1.0L,
which correspond to a range of compressor-inlet Reynolds number index
values from 0.90 to 0.13.

Engine performance is presented in the form of englne pumping char-
acteristics end combustion efficiency, from whic¢h the over-all perform-
ance mey be calculated for any flight condition within the range of
Reynolds number indices covered by the experimental deta. Curves of
net thrust and fuel flow, computed from these data, are presented as
functions of true airspeed for four altitudes. Data are also included

to eneble the determination of thrust in f£light.

INTRODUCTION

An investigation was conducted in an altltude test chamber at the
NACA Tewls lsboratory to determine the complete performance and opera-
tional chearacteristics of the J73 turbojet engine. The first phase of
this program, which is reported herein, wes an altitude-performance
evaluation of the J73-GE-1A engine. Pending development of an improved
control, this engine had a turbine-nozzle area ten percent larger than
the design area for later engine models in order to avoid compressor
surge during flight tests. The engine alsco incorporated varieble
compressor-inlet guide vanes to avoid part-speed surge. Throughout the
investigetion reported herein, however, the guide vanes were fixed et
the design angle for the high engine speed range (13° from axial).
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The over-all altitude-performance characteristics of this englne
are reported herein, and the component performance characterlstics are
glven In reference 1. Data were obtalned over a corrected englne speed
range from 83 to 108 percent of rated speed, at altitudes from 15,000
to 55,000 feet, and at flight Mach numbers from approximately 0.07 to
1.0lL. The corresponding range of compressor-inlet Reynolds number index
values was from 0.90 to 0.13.

The date ere presented in the form of engine pumping characteris-~
tice to allow accurate calculation of engine performance at any oper-
ating or flight condition within the range covered by the experimental
data. From the pumping characteristics, net thrust and fuel flow were
calculeted and are presented as functlons of true alrspeed for sea
level and for altitudes of 15,000, 35,000, and 50,000 feet. A curve
is also presented that will allow determination of thrust in flight by
the measurement of amblent statlc pressure and total pressure in the
exhaust nozzle.

INSTALLATION AND INSTRUMENTATION

Engine. - The J73-GE-1A turboJet engine (fig. 1) bas varisble
compressor-inlet guide ¥anes, a 12-stage axial-flow compressor, ten
cannular-type combustors, & two-stage turblne, and a fixed conical ex-
haust nozzle. At englne speeds gbove 6400 rpm, the variable inlet
guide vanes are scheduled to be in the open position, with the tangent
line between the leadlng and trailing edges alt the blade tip forming
an angle of 13° with the engine center line. At lower engine speeds,
the guide venes are scheduled to be in the closed position to avold
compressor surge, with the tangent line forming an angle of 43° with
the engine center line. In addition to the inlet gulde-vane variation,
the turblne-nozzle area of the engine was increased to 110 percent of
the design value for later engine models as a further precaution to
avold compressor surge until the englne control 1s refined. Coumpressor-
outlet leakage and a small amount of bleed alr are used for a balance-
piston force at the front of the compressor and for cooling the turbine
disks and the first-stage turbine nozzles. The exhaust nozzle (20.95-
inch cold diameter) was sized to glve the rated exhaust gas temperature
of 1215° F at sea-level static conditions on a standard day at the
rated engine speed of 7950 rpm. At these conditlons, the rated engine
thrust 1s 8630 pounds and the air flow is 142 pounds per second.

Altitude chamber. - The altitude chamber in which the englne wes
installed is shown schematically in figure 2. The test-chamber dlameter
is 14 feet. Atmospheric sir or heasted or refrigerated dry air can be
supplied to the inlet of the test chamber. The engine was mounted on
& movable test-bed, which was connected through linkages to a thrust-
measguring cell of the null-type pressure-balenced dlaphragm design.

The thrust apparatus was .calibrated by the dead-weight method with the
engine and all connectlions in place.

3054



-y il

La~l bayxk

NACA RM E53I25 SO 3

The inlet or ram-pressure section of the chamber was separated from
the exhaust or altitude-pressure sectlon of the charmber by & bulkhead.
A lebyrinth-type frictionless seal was provided between the bulkhead
and the engine-inlet duct to allow a slight smount of axial movement
of the engine without binding., The bellmouth cowl was attached to the
bulkhead and therefore transmitted no force to the engine-inlet duct.

Instrumentetion. - The stations throughout the engine at which
instrumentation was installed are shown in figure 3. Schematic draw-
ings of the location of instrumentatlion at those stations that are
pertinent in the determination of over-all engine performsnce are gliven
in figure 4. All pressures were photographically recorded with elther
mercury- or alkazene-filled manometers. Temperatures were recorded by
automatic self-balencing potentiometers. Engine speed was determined
by a chronometric tachometer, and fuel flow was measured by means of
callibrated rotameters.

PROCEDURE

Performance deta were obtalned at simulated altitudes from 15,000
to 55,000 feet and flight Mach numbers from 0.07 to 1.0l. Engine speed
wes varied from approximately 6400 rpm to the rated speed of 7950 rpm.
Lower engine speeds, at which the inlet gulde venes are scheduled to
be in the closed position, were not obtained because of specisl instru-
mentation, which prevented movement of the guide vanes. During this
phase of the lnvestigation, full control of inlet-alr temperatures was
not possible; however, temperatures were obtained in the range from
-25° to 40° F.

Fuel conforming to specification MIL-F-5624A grade JP-4 with &
lower heating value of 18,700 Btu per pound and a hydrogen-carbon ratio
of 0.168 was used throughout the lnvestigation. Air flow was obtalned
from a survey of total and static pressures 1n the engine inlet at
station 1 (fig. 3).

Al]l symbols used in this report are defined in appendix A.

RESULTS AND DISCUSSION

A1l the over-all performance date obtalned in the investigation
of the engine are complled irn teble I 1lr both nongeneralized and gen-
eralized form. It should be noted that the data in nongenerallzed
form are not adjusted for sllght differences between the actual and
the NACA standard values of inlet pressure, exhaust pressure, or engine-
inlet tempersature.
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Pumping characteristics. - If the exhaust-nozzle pressure ratio of
a turbojet engine is sufflciently high that the flow coefficient is
constant wlth increesing nozzle pressure ratio, the engine pressure
ratio at any constant temperature ratio is a function only of corrected
engine speed, exhaust-nozzle area, and Reynolds number. Except for the
effect of Reynolds number, changes in altitude or flight Mach number
have no effect on the engine pressure ratio at constant values of engine
tempersture ratio. Accordingly for the engine discussed herein, the
pumping characteristics are completely defined by curves of engine pres-
sure ratio against engine temperature ratio for several constant values
of Reynolds number index. These curves, coupled with associated curves
that give the air flow and cowbustion efficliency at various operating
conditione, completely define the performance of the engine.

The engine speeds and flight Mach numbers above which the exhaust
nozzle wes choked are defined in flgure 5. The solld curve denotes the
conditions at which the average exhaust-nozzle pressure ratio corres-
ponded to the critical value. However, the exhsust-nozzle flow coef-
ficient had not reached its meximum value at the critical pressure
retio and continued to increase up to an exhaust-nozzle pressure retio
of about 2.2. The dashed line denotes the conditions at which the ex-
haust nozzle was conslidered completely choked; that 1s, the pressure
raetio was above critical and the flow coefflcient had reached its maxi-
nmum value. The pumping characteristics of figure 6, however, may be
used wlth only small error in the region between the two curves, but
they are not valld at nozzle pressure ratlos below choking or for d4dif-
ferent exhaust-nozzle areas. The curves of figure 5 were determined
from cross plots of exhaust-nozzle pressure ratlo ageinst corrected
engline speed. The so0lld curve required some extrapolation inasmuch
as only a few data points were in the region where the average exhaust-~
nozzle pressure ratio was below the critical value. The data were
sufficient, however, to show that there was no eppreciamble Reynolds
number effect on the solld curve.

The pumping chareacteristics for this engine (fig. 6) are given in
the form of curves of engline pressure ratio as a function of engine
temperature ratio for a wide range of Reynolds number indlces. The
altitudes and flight Mach numbers simulated in obtalning the different
values of Reynolds number index are included in the symbol key. Lilnes
of constant corrected englne speed, in percent of rated speed, have
been superimposed; and a comparison with the curves of figure 5 shows
that the exhaust nozzle was choked for virtually all the data of fig-
ure 6. Examination of the data reveals that it was immaeterlal what
conbination of altitude and flight Mach number was used to obtain a
glven value of Reynolds number index for the range of engline speeds
presented. Although the dats obtained at Reynolds number indices of
0.54 and 0.39 fall slightly out of order, examination of the bulk of
the data shows that, at constant corrected englne speed, a progresslve
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lncrease in T7/$lWhand decrease in P7/Pl occurred as the Reynolds

number index was reduced. These changes result from reduced compressor
efficiency and corrected air flow, as shown in.rqﬁgrence 1.

Air flow. - The effect of Reynolds number index on engine air flow
is shown 1In figure 7. Because of the data scatter, curves could not be
drawn for Reynolds number index values of 0.16, 0.14, and 0.13. It is
spparent, however, that the corrected air flow was reduced at a given
corrected engine speed as the value of Reynclds number index was
reduced.

Fuel flow. - Because of Reynolds number effects on component effi-
clencies and also becsuse of varlations in combustion efficiency with
Flight condition, the corrected fuel flow does not generalize to a
single curve as a function of corrected engine speed. In order to
permit the accurate determination of fuel flow, the combustlon effi-
clency has been generalized as & function of the combustion parameter
WoT- (fig. 8). This parameter is shown to be proportional to the

famlliar parameter PT/V in reference 2. Both the air flow Wy and
the exhaust-ges temperature T; can be obtained from figures & and 7,

and the combustion efficiency can thus be determined. The 1ideal fuel-
alr ratio regquired to produce a given temperature rise from the engine
inlet to the exhaust-nozzle inlet is given in figure 9 (data from ref.
3). The actual fuel-air ratlio mey be determined by dividing the ideal
fuel-air ratio by the combustion efficliency. Fuel flow can then be
obtained by multiplying the actual fuel-air ratio by the air flow.

Thrust. - By using the curves of figures 6 toc 10 in conjunction
with equation (5) of appendix B, jet thrust may be calculated on the
bagis of rake measurements at the exhasust-nozzle inlet at any value of
Reynolds number index wilithin the range covered. All values of rake
Jet thrust should be adjusted to actual thrust values by applyling a
thrust coefficient, tha&t i1s, a calibration factor correlating rake
thrust data with actual thrust data as determined from force measure-
ments on the test-bed. However, inasmuch as the thrust coefflicient
was determined to be spproximately 1.00 in this investigation, no ad-
Justment was necessary. Net thrust can then be obtalned from jet thrust
by subtracting the momentum force of the inlet air. Also, the thrust
mey be celculated for various values of ram-pressure recovery or tall-
plpe pressure loss by proper adjustment of the engine-inlet or exhaust
pressures. A ssmple calculation is given in appendix C to 1llustrate
the use of the curves.

Performance from pumping characteristics. - Net thrust and fuel
flow for operation at standard NACA altitude condltions and 100-percent
ram~-pressure recovery have been calculated from the pumping character-
istics and are shown as functions of true airspeed (fig. 10) for engine
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speeds of 100,.95, 90, and 85 percent of rated engline speed. The por-
tion of the curves denoted by the broken line required extrapolation of
the pumping-characteristic curves and mey therefore be less accurate
than the so0lid curves. The dot-dash curve of figure 10 defines the
condition of limiting exhaust-ges temperature. It 1s seen from fig-
ure 10(a) that the exhaust nozzle used was very slightly smaller than
required for limiting temperature at rated engine speed; limiting tem-
perature occurred at about 99 percent of rated speed. From Pigures
10(b) to (d), it is seen that the tewperature-limited speed remsined
constant at about 99 percent of reted speed for all altitudes up to
50,000 feet. This unusual trend resulted from the compensating effects
of decreasing ambient slr temperature and reductions in compressor
efficiency (ref. 1) as the altitude was increased. Net thrust exhibited
the expected trend of first decreasing asnd then increasing as the true
airspeed was incressed from the static condition. Inasmuch as the fuel
flow increased continuocusly with true alrspeed, the specific fuel con-
sumption also increased. For example, at rated sea-level static con-
ditions the specific fuel consumption obtained Ffrom figure 10(a) was
0.956 pound of fuel per hour per pound of net thrust. At an ailrspeed
of 650 knots, this value increased to 1.328.

The effects of increasing altitude on engine performance result
from the following factors: (lg a reduction in ambient pressure, which
reduces the englne air flow; (2) a reduction in ambient air temperature,
which permits operetlon at higher corrected engine speeds with higher
englne pressure and temperature ratios; (3) Reynolds number effects;
which decrease the corrected air flow, the compressor efficiency, and
sometimes the turbine efficiency; and (4) decreased combustion effi-
ciency primerily due to reductions in combustor-inlet pressure. The
first two effects can be predicted from sea-level data by use of the
common correction factors & and 8. Determination of the remalning
altitude effects requires engine performence data at simulated altitude
conditions. For example, if the performance of thls engine were pre-
dicted at 95 percent of rated speed, an altitude of 50,000 feet, and
an airspeed of 461 knotes (Mach number of 0.8} on the basis of sea-level
performance date, the net thrust would be sbout 1360 pounds compared
with en actual value of 1367 pounds (see fig. 10(d)). The unusually
close agreement of the predicted and actuasl thrusts for thls engine 1s
attributed to the increase in englne temperature ratio as the Reynolds
number index was reduced; thils increase halenced the detrimental effects
of reduced Reynolds number on both englne zir flow and compressor effi-
ciency. The actual specific fuel consumption, however, was 1..1l61l pounds
per hour per pound of net thrust, which is an increase of 3.4 percent
over the predicted value of 1l.122. '

On the basis of the curves glven in flgures 6 to 9, the effects
of nonstandard inlet-alr temperature may also be calculated. For ex-

ample, at take-off conditions and 99.4 percent of rated engine speed, the
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effect of increasing the amblent air temperature from 59° to 100° F
would be to reduce the thrust by 2.4 percent and increase the specific
fuel consumption 1.1 percent.

In-flight thrust determination. - In order to facilitate the deter-
mination of engine thrust in flight and also to avoid using equation (5)
in appendix B to determine the thrust of this engine configuration, Jet
thrust is given in figure 11 as a function of the quantity (1.26P7-p0).

The correlation of these quantities is derived in reference 4. It is
seen that the experimental correlation 1s good. TFor the exhaust-nozzle
area used (20.95-inch cold diameter), the jet thrust is sbout 2.4 times
the quantity (1.26P7-pg). If the exhaust nozzle is trimmed to 2
slightly different dlameter, the thrust values given by figure 11 must
be adjusted by multiplying the value from figure 11 by the ratio of the
ares actually used to the area used in this investigatlon. The use

of figure 11 is also illustrated in the sample calculation of appendix
C. It should be noted thet this method of in-flight thrust determina-
tion is not valid when an ejector-exit conflguration is employed, be-
cause of the effect of the eJector on the static pressure at the exhaust.
nozzle outlet.

In using this method of measuring thrust, it is important to obtain
an accurate average value of totel pressure in the exheust nozzle be-
cause of the exlstence of large total-pressure gradlients. Typical
total-pressure profliles are shown in figure 12 for several operating
conditions. In this figure each symbol represents the average value
obtained at a given radius from rakes loceted 90° apert (see fig. 4(b)).
Examination of profiles for & large number of test points shows that
an average from four total-pressure probes located at 78 percent of
the nozzle radius gives the over-all average total pressure within
0.3 percent for thils particular engine.

CONCLUDING REMARKS

From this Investigatlon of the J73-GE-1A turbolet engine, suffi-
cient data have been obtained and presented in the form of engine pump-
Ing characteristicas to allow calculation of complete englne perform-
ance &t all flight condlitions with Reynolds number index values between
0.90 and 0.20 at corrected engine speeds above 6700 rpm. Although air
flow data are not available, pumping-characteristic curves are also
presented for Reynolds number index values of 0.16, 0.14, and 0.13 to
aid in estimating the engine performance at extreme altitudes. Curves
of net thrust and fuel flow, calculated from the pumping characteris-
tics, are also given as functions of true airspeed for seversal
altitudes.
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For a given engine speed, the values of net thrust obtained with
this engine at altitudes up to 50,000 feet agreed closely with the pre-
dicted values from sea-level date. However, the detrimental effects
of increasing altitude on the over-all engine performence were evident
in the higher specific fuel consumptions incurred at altitude compared
with the values predicted from sea-level dete. Specific fuel consump-
tion also increased with increased flight Mach number or alrspeed. The
effect of having an ambient air temperature of 100° F instead of the
standard 59° F at approximete take~off conditions was to reduce the
net thrust of this engine by 9.4 percent and lncrease the specific
fuel consumption by 1.1 percent.

Data are also presented to eneble the determination of thrust in
flight by measurements of total pressure at the exhaust-nozzle inlet
and of ambient static pressure. Optimum immersion of the total-
pressure probes and also possible errors due to the pressure profile
are discussed briefly.

Lewls Flight Propulsion Laborstory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, October 6, 1853
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APPENDIX A

SYMBOLS

The followlng symbols are used in this report:

b= é$ Bo®m W

b o

H

< ok

cross-sectlional srea, sq £t

force exerted on test-bed, 1b

exhaust-nozzle flow coefficient

Jjet thrust, 1b

net thrust, 1b

fuel-alr ratio

acceleration due to gravity, 32.2 ft/sec2
enthalpy, Btu/lb

Tlight Mach number

engine speed, rpm

total pressure, lb/sq £t abs

gtatic pressure, lb/sq £t abs

gas constant, 53.4 £t-1b/(1b)(°R)

total temperature, Or

static temperature, °R

velocity, ft/sec

alr flow, 1b/sec

fuel flow, 1b/br -
specific fuel consumption, 1b/(hr)(1b net thrust)
ratio of specific heats

ratioc of engine-inlet total pressure to absclute static pres-
sure of NACA standard stmosphere at sea level
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Reynoldes number index

Ty coubustion efficiency

e ratio of absolute total temperature at engine inlet to &bso-
lute statlic temperature of NACA standard stmosphere at sea
level

A %Eiifg (see ref. 3), Btu/lb fuel

p density, slugs/cu ft

¢ ratio of ebsolute viscosity of air at engine inlet to absolute
viscosity of NACA standard atmosphere at sea level

Subscripts:

a air

i indicated

R rated

r rake

s scale

t exhaust-nozzle throat

x engline-inlet duct

0 altitude test chamber

1 engine inlet

6 turbine outlet

7 exhaust-nozzle inlet
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APPENDIX B
METHODS OF CALCULATTION

Total temperatures were calculasted from thermocouple-indicated
temperatures with the equation

- Ti(%) , (1)

1+CL(£) - 1
§Y

An experimentally determined value of 0.85 was used for the thermo-
couple impact-recovery factor «.

Air flow. - Engine-inlet air flow was debermined from pressure and
temperature instrumentetion &t station 1 by use of the equation

-1 T1-L
|
_ _ 2g ([ P1 T1 \(F1 Py
Wa,1 = 8o1AV7 = f‘—l R <——’ﬁ) (—r'—_]‘><§l" e -1
(2)

The various compressor-outlet bleed flows end compressor-leakage air
Plow were determined to be about 2 percent of the engine-inlet alr flow.
A1l bleed and leakage flows reJoined the main-stream flow before reach-
ing the exhaust nozzle.

Combustion efflclency. - Combustion efficiency is defined as the
ratio of the actual enthalpy rise through the conbustor to the theo-
retical meximum enthalpy rise. The following equation wss used to cal-
culate combustion efficiency:

_Ba,7 ¥ - bg
18,700¢f

(3)

Thrust cbefficient. - The nozzle thrust coefflcient, which was
used to adjust rake thrust to actual thrust, was calculated as the
ratio of the jet thrust obtalined from force measurements on the test
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bed to the reke jet thrust. Thrust based on force measurements (scale
thrust) was obtailned from the equation

Wo 1V
a,l
Fye = B+ == + Ax(pye - Bo) (4)

The ideal or rake Jet thrust, based on the survey at the exhaust-
nozzle inlet, was obtalned from the following expression:

T7-1

Yy

2R Y777 Py
Fj,l’ = (1+f)wa,1 E m 1 - ('ﬁ;) + CDAt(p-t'Po) (5)

When the jet velocity is subsonic, |P/pg < (Y ; 1) , and Pt = DO,
equation (5) becomes

F

2R Y7%7 Po
gr = @0, N T -1 |t "\ (6)

Net thrust was obtalned by subtracting the equivelent momentum of
the alr at the engline lnlet from the Jet thrust

F - F _ wé.!lvo (7)
n,s = J,s g '
where VO 1s given by the equation
ot
71
2Y,&RT P
VAN i i N PR ) (8)
Ty -1 By

with complete ram-pressure recovery assumed.

The ratio of hot exhaust-nozzle area to cold exhaust-nozzle area
was teken as 1.0l for all ceslculations berein.
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SAMPL.E CALCULATIONS

In order to illustreate the use of the engine pumping characteris-

tics, a problem is assumed at random as follows:

It is desired to determine the net thrust and specific fuel consump-
tlon of a J73-GE-]A engine operating in an alrplane at the following

conditions:

Pressure altitude, £t . e e e« e t = e e e aoe s e
Ambient pressure, pg; lb/sq PE e e e,
Flight Mach number, Mg .« ¢« « ¢« ¢« ¢« ¢ ¢« ¢« « ¢« ¢« & &« « s « s =
Ambient alr temperasture, OF . . . ¢ « ¢ ¢ ¢ ¢ & o o ¢ o « «
Engine speed, N, TPM .« « v & ¢ « o o o o o o v s o o o o o
Ream-presgure TeCOVETY v o « « « « o o « o » o a s s s s s o

It iz assumed that for the sirplane in question a nonstandard
is required such that 0.04 of the total pressure 1s lost betwe
turbine outlet and the exhaust nozzle.

Engine-inlet conditions are calculated as follows:

po (given) = 431 1b/sq ft
T, = tg (1 + L2 Moz) = 460|1 + 0.2(0.8)2_-|= 519° R
= T¢/519 = 1.00
N/+/6 = 7800 rpm

2 3.5 )
Py = pg + 0.95pg| (1 + 0.2M5°) - 1|= 645.8 1b/sq £t

= 1,00, since €6 = 1.0

& = 645.8/2116 = 0.305
8/¢+/6 = & = 0.305

N/-/6 _ 7800 _ 0 a1
(Mg 7950

. 38,000
. . . 431
. « 0.80
. e . 0
. . 1800
. « 0.95
tail pipe
en the
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From these values, the engine temperature ratio and presgure ratio
mey be determined as follows:

At 98.1 percent of rated corrected engine speed and at a Reynolds
number index of 0.305, the englne total-pressure ratio and engine total-
temperature ratio are given in figure 6 as approximately 2.15 and 3.21,
respectively. The exhaust-gas temperature is then

— - Q
Ty = 5.21Tl = 1666 R

and the total pressure for the standard engine at the exhaust nozzle
would be

P; = 2.15P; = 1388 1b/sq ft

In order to ellow calculetions for engines with nonstandard tall-pipe
installations, the tail-plpe pressure losses for the standard tall
pipe are presented in figure 13 as a basis for a correction factor.
For the englne 1n question, the exhaust-nczzle total pressure is then

1 - 0.040 _
P7 = 1388 T—5 055 = 1971 1b/sq ft abs

where 0.028 1s the value of (PG - P7)/P6 for the standard engine and
0.040 ig the value for the engline in question.

From figure 7, the corrected alr flow at a corrected speed of
7800 rpum is

Wg/0

)

= 137.4 1b/sec

end, since € equals unity,

645.8

WB. = 137.4 —2—1—1—6—

= 41.9 1b/sec

The temperature rise across the engine (T; - T,) is (1666° - 519°) or
1147° R. From figure 9, the ideal fuel-alr ratio 1s 0.016l. The com~
bustion parameter W,T, is (41.9X1666) or 6.96x10%*. Hence, from fig-
ure 8, the actual combustlon efficiency is 0.96. The actual fuel-alr
ratio is then (0.0161/0.96) or 0.0168. The engine fuel flow is then
glven by the product of the alr flow and the fuel-alr ratio
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2. McAulay, John E., and Keufmen, Harold R.: Altitude Wind Tunnel Inves-
tigation of the Prototype J40-WE-8 TurboJet Engine Without After-
burner. NACA RM E52ZK10, 1953.
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We = Wo(f) = 41.9(0.0168) = 0.704 1b/sec

or
We = 2535 1b/hr

The jet thrust of the englne may be determined rapldly by the use
of figure 11. Tne value of (1.26P; - po) is 1296 pounds per squaere foot,
and hence the Jjet thrust is given in figure 11 as 3020 pounds.

Jet thrust may be determined with more precision by the use of
equation (5). At a temperature of 1666° R and e fuel-alr ratioc of
0.0168, vy 1s 1.330. The value of the static pressure p; at the
throat of the exhaust nozzle mey be determined from the followlng ex-
pression for critical pressure ratio:

77

—

7.7'1

P T + 1
_7=(_7___ — 1.850
Py 2

Hence, Py 18 741 pounds per square foot. Substltution of these quan-
tities into equation (5) results in a Jet-thrust value of 3135 pounds.
The thrust coefficlent 1s 1.00; hence no correction is required. Net
thrust is obtained by subtracting the momentum of the inlet salr.
Therefore,

F, = Fy - WoVo/g = 2039 1b

since
Vo = My~/TeRI = 842 ft/sec
and
W.Vo/g = (41.9)(842)/32.2 = 1096 1b

The specific fuel consumption is 2535/2059 = 1.24 pounds of fuel
per hour per pound of net thrust.
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PABLE I. - ENOINE FERFORMAMCE DATA FOR J73-3E-lA TURBOJET EHQINE
Aun) Altitude,| Reynolda| Ram- |Flight Tank Engine| Fuel| Enginc- | Englne- |Engine-| Turblne- |Exhaust- |Exhaust- | Enplpe |Englne
It mmber |pressure| Mach static |spead,|flow, [Inlet-duct| Inlet Inlet | outlet nogzle- (gae total| total- |total-
index, | ratic, |mmbepr,|presaure, B I‘f, statie total total | total inlet |tempera- |preasure|temper.
s3] P]_/po Mo D.» rpm TS pressure, [pressure, |tewper-presmmre, total ture, mtio, | ature
Wo— 1g /e Dys Py, ature, Pg» presoure,| T, PT/PI ratio,
1v0 — T, P, ’ T /T
8q £t abp ib b 1 1b 7 °r 1
q Tt abs |eq ft eba| °R  |[ag s|__1v
sq f't abs
1 15,000 0.885 1,528 |0.90% 1185 7841 | 7500 1707 1811 499 4191 4087 1644 2.257 3.335
2 .883 1.511 792 1194 7757 | 7120 1703 1804 499 4113 4003 1614 2,219 5.234
3 «899 1.620 .798 1191 7814 | 6860 1711 1810 498 319948 3888 1564 2,148 3,141
+ .898 1.613 .798 1193 7216 |5380 1717 1805 498 3582 3484 1411 1,930 2,833
5 910 1.533 805 1192 6581 | 3370 1760 1827 498 2840 2787 1178 1.82%5 2,381
g | 1%,000 0.749 1.260 0.594 1183 7822 |B180 1428 1514 489 3509 3596 1660 2,243 3,307
7 748 1.277 802 1179 7778 18125 1421 1506 497 3480 3393 1828 2.253 3.276
8 761 1.284 609 1184 7618 [5E7Q 14357 1520 496 3364 5272 1870 2,183 3.172
9 «760 1.279 604 1181 7222 (4530 1438 1511 487 2999 2916 1122 1,930 2.868)1
10 .759 1.272 .597 1191 6880 |3120 1458 1E15 486 2475 2428 1220 1.601 2.480
il | 15,000 .66 1,102 10,576 1197 7828 5450 1247 1518 498 3048 2066 1658 2,248 3.326
12 .661 1,112 382 1187 7212 |3955 1268 1320 495 . 2629 2567 1426 1.937 2.885
13 .B68 1.118 .403 1187 B41]l 2545 1284 1527 493 2019 1880 1172 1,482 2,377
14 | 15,000 0.594 1.006 |0.092 1183 7795 |4855 11351 1190 494 2729 2657 1844 2.253 5.328
15 588 817 — 1189 7598 4370 1126 1182 496 280% as55s 1578 2,148 5.181
16 «801, 1.002 .0558 1187 7222 |3600 1139 1148 4192 2891 2524 1440 1,965 2,927
17 .596 1.010 118 1178 8407 |[2250 1155 1190 493 1886 1852 1221 1.568 2.477
18 | 26,000 0,530 1.526 |0.802 781 7859 |4900 1124 1198 495 2768 2682 1654 2,260 3,341
19 533 1.524 . BOO 780 7786 |4770 112 1189 493 2735 2858 1633 2.235 3.52
20 +595 1.537 .809 778 7827 |4236 1151 1198 404 2656 2561 1578 2.14], 3.180
21 .589 1.529 »805 7 A551 |2176 1144 1188 495 1843 1797 1176 1,618 2.378
22 | 55,000 0,660 1.912 1,009 486 7875 |44B0 a7 929 435 2388 536 lasi2 2,516 5,775
23 551 1.888 |1,003 490 7817 |3930 874 930 436 2268 2217 1640 2.5684 5.532
24 41 1.912 {1,009 443 7214 |3240 883 035 440 <074 2018 1398 2.168 5.1717
25 .53), 1.912 [1.009 491 ag7g [2500 897 11 449 1728 1888 1217 1.788 2.710
28 | 35,000 0.412 1.549 0,818 495 7848 5340 724 767 488 1827 1780 168F a.321 5.8508
27 410 1.527 .802 490 7807 |32%0 704 748 481 1812 1775 1832 2,373 3,556
28 <377 1.558 .809 4189 7797 |%0%0 710 7882 491 1732 1584 1661 2,258 3.383
29 375 1,548 .918 437 76817 |2600 714 784 497 1851 1801 1685 2,13% 5.209
50 408 1.5638 .808 409 7818 |3010 708 752 4856 1739 1693 1588 ?.268 3.374
31 1402 1,632 805 491 7438 |2770 TLL 752 471 1688 1641 1517 2.182 3,221
32 401 1,548 .818 484 7814 |2400 711 48 474 1535 1518 1434 2.024 5.025
35 587 1.644 .813 443 7174 |2205 728 761 BO4 1468 1482 1431 1.889 2.838
4 588 1.648 «815 485 6678 |1886 720 760 462 1273 1238 l2a2 1,851 2,677
I | 48,000 0,247 1.787 10,850 264 7699 11930 431 484 468 1080 1045 18189 2,502 3,459
36 242 1,784 954 280 7823 |1880 450 468 470 1051 1035 1594 2,270 5.581
37 .238 1.798 353 251 7220 |1500 423 449 478 925 20 1460 2.027 3.07%
38 260 1.761 937 2569 6964 |1340 438 486 486 803 B78 1384 Y.82% 2.927
39 .229 1.739 .928 257 8880 |106D 439 447 488 S8 "2 1289 1.880 2.6811
40 | 55,000 0,191 1.951 [1.05) 173 7661 {1530 351 353 485 820 a0a 1630 2,502 5.505
41 +195 1.818 .965 197 76508 144l 349 358 461 BO7 794 1572 2,250 3.410
42 «185 1.840 1.022 183 7225 11270 &45 555 464 751 T4 1478 2,047 5.181
43 L1838 1.873 982 189 B95a |1075 346 354 463 692 683 1381 1,929 2,985
44 «205 1.994 |1.045 181 B84 a9R 342 381 1684 B33 624 1278 1,729 2,754
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. TABLE I. - Concluded. ENGINE PERFORMANCE DATA PCR J73-0E-14 TURBOJET ENGINE

Run| Alr |Fuel-air| Jet Net Specifia fuel |Corrected|Corrected|Corrected] Corrected| Corrected|Corrected Corrected Corrected

flow, | ratio, |thrust,|thrust,| con=wumption, engine |air {low,| fuel fuel-alr Jet net specific exhauat~

Wy r 'F'J, Frs wf/rn, speed, ¥ 1/51 Llow, ratio, thruet, | thrust, fuel gas bew-

1b/sec 1h 1 b N/f0q, —"6 , |wp/5 T 1/64 F _,/Bla LV conaywption, p;r;gure.

{(hr)(1b thrust)| Tpm 1 1b/he 1b 1h Wo/Pnv/01, gﬂ 1
lb/Bec 1
{hr)(1b thrust)

1 (124,3 | 0,0183 | 9530 6335 1.1684 7995 142.3 8533 0,0175 11,170 7400 1.208 1731
2 [123.0 L0161 | 9206 8088 1.170 78%0 141.4 8517 .0167 10,799 7138 1.193% 1878
311217 0133 | 8877 5789 1.153 7773 139.5 7972 0159 10,377 8744 1,182 1630
4 |114.7 .0130 | 7522 | 4609 1.167 7387 131.7 6437 0135 8,816 5402 1.191 1470
5 |101.7 0092 | 3440 2817 1.196 6719 115.3 3984 L0086 8,300 3262 1,231 1226
6 |105.8 | 0.0165 | 7475 5448 1.151 7977 1424 a782 0.0172 10,450 7616 1.153 1718
7 | 105,3 ,0158 | 7378 5340 1.147 7948 142.1 8793 .0172 10,366 7803 1,172 1700
B |102.8 ,0153 | 7051 5003 1,138 7798 139.8 8082 0160 9,815 8984 1.150 1847
9| 95.0 L0131 | 5985 4085 1.114 7380 131.5 8481 L0137 8,351 5691 1.158 1485
10 | 86,9 0100 | 2438 2738 1.140 6833 118.17 4453 0108 6,200 3826 1,188 1276
11 | 90.2 | 0.0188 | B1S8 5019 1.088 7983 141.9 8915 0.0175 9,874 8080 1.107 1725
12 | 84.0 ,0131 | 4877 3777 1.047 7385 131.4 6492 0157 7,818 6055 1.072 1498
13| 70.5 .0032 | 5098 2176 1,078 8578 109.6 3438 ,0097 4,941 M7 1.106 1234
14 | 81.5 | 0,0166 | 5245 4988 0.975 79390 141.3 8848 0.0174 9,502 8870 0,997 1728
15 | 79.0 L0154 | 4857 4857 900 7772 158.3 8002 0181 8,654 3654 L1920 1851
16 | 75.3 0133 | 422] 4082 .882 T417 130,56 6581 0140 7,513 7266 908 1518
17 | 63.4 L0099 | 2713 2480 915 8574 109.8 4105 L0104 4,804 431 .9%8 1288
18 | 81.5 | 0.0167 | 6198 4114 1.191 8027 141.2 8906 0.017% 11,001 7502 1.220 1738
19 | 81,2 .0163 | 8120 4051 1.177 7989 140.8 a712 L0172 10,894 7211 1,208 1720
20 | 80.1 L0147 | 5479 3817 1.110 7818 138.2 7679 0154 10,400 8762 1.138 1656
21| &5.9 . 3488 1798 1.209 £708 114.8 3968 0087 8,212 5204 1.2358 1234
22} 70.0 | 0,0178 | 5789 5723 1,205 jac2 146.1 11,347 0.0212 13,142 8481 1,514 1959
23 | 69.2 .0158 | 5402 3388 1.160 851l 144.2 9,755 .0188 12,290 7708 1.268 1833
24 | 66.6 0135 | 4817 2860 1.133 7834 138.7 7,963 0169 10,901 6472 1,230 1548
25 | 80.0 0108 | 3817 2054 1.13 7180 125.8 5,571 0123 8,600 4503 1.218 1407
26 | 54.0 | 0.0172 | 4274 2909 1.148 8265 141.5 9,704 0.0191 11,782 8026 1.209 1846
27 | 83,7 .0170 | 4157 2832 1.182 8283 145.1 9,875 0181 11,760 BO12 1.233 1846
28 | s0.% L0169 | 3943 2634 1.173 8016 139.4 4,939 .0179 11,098 7412 1.208 1786
29 | 49,9 015€ | 3721 2423 1.168 17684 156.9 8,029 0183 10,441 6799 1.181 15886
30 | 55.2 L0157 | 4005 2875 1.125 8048 141,7 8,948 L0175 11,270 7527 1.188 1751
31 | 52.0 .0148 | 3788 2481 1.116 1806 139.5 8,183 .0183 10,851 8982 1.172 1672
32 | 49.8 L0134 | 3484 2223 1.079 7548 13%.9 7,094 0147 9,830 6280 1.1350 1570
33 | 46.8 L0131 | 35068 1843 1.196 1280 128,1 ,223 0135 8,527 5125 1.214 1474
3| 4402 .0105 | 2603 1473 1.131 8927 119,9 4,877 0113 7,343 4155 1.174 1538
35 | 32.2 { 0.0187 | 2559 -| 1832 1.185 8108 142.5 9,473 0.0186 11,827 7607 1.246 1795
36 | 3.8 .0184 | 2512 1608 1.168 8011 140.2 9,187 .018F 11,656 7486 1.207 1760
31 | 29,2 L0143 | 2139 1288 1.165 547 131.8 7,389 .0158 10,081 8070 1.218 1596
58 | 29.% .0127 | 2010 11i7e 1,137 7549 128.8 Mol 0141 9,328 B4 71 1.200 1519
39 | 25.% 20112 | 1554 80g 1.298 E903 118.9 51137 +0120 7,557 3430 1.1 1355
40 1 25,4 | 0,0187 | 2024 1242 1.2352 8093 145.0 9,745 0,0188 12,203 7488 1.302 1819
41 | 4.9 ,0161 | 1875 1154 1.249 7966 139.4 9,083 .0161 131,145 gasy 1,325 1770
42 | 23,9 0148 | 1773 1044 1.216 7639 134.8 8,007 .0188 10,588 6223 1.2586 1652
43 | 23.0 .0130 | 1588 844 1.218 7387 129,9 8,803 L0146 9,372 5284 1.287 1648
44 | 21.8 0114 1465 177 1,148 7063 120,86 5,550 0142 8,618 4554 1.3682 1430
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RErhanst-gas ¢ollector

Movable tesi bed
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= Altitude chamber with engine Instsllied in test section,

Figure 2.
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Statlion

Ballmouth

oowl k

Alr flow

' Compressor

3054

Bulkhead,
Station Toocaticn Toial- | Btatic~ |Wall atatic-|Thermo-

Dregeurs | pressure Tressure | couples
tubes tupsa orifloes

x Engine~inlet duct 0 D 4 0

1 Engine inlet 36 16 4 18

3 Compressor outilet 20 4 5 6

4 Combustor inlet 10 0 0 0

5 Turbine Iinlet ) 0 0 0

5] Turbine outlet 24 0 a 20

7 Txhaunat nozzle 28 16 4 20

0 Altltude teet chamber 0 4 0 0

Flgure 3, -~ Side view of turbojet engine showlng inetrumentation stations.
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22

© Total pressure
@ Static pressure
@ Thermocouple

Y

N
e

(a) Station 1, engine inlet. Passage
height, 9.8 inches; location, 37 inches
upstream of inlet gulde vanes.

ay
v

(b) Station 7, exhsust-nozzle inlet.
Diemeter, 23.5 inches; location, 11.8
inches upstream of exhaust-nozzle outlet.

Y

Figure 4. - Location of instrumentation {view looking downstreem).
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Corrected engine speed, N/~/01, percent of rated
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N

N\
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Exbsust nozzle

unchoked
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.4

.B

.8

Flight Mach number, Mg
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Figure 5. - Operating conditions required to choke exhsust nozzle.
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Engine totel-pressure ratio, Po/P;

Altitude, Flight Reynclds mumber
ft. Mach number index
o 15,000 0.80 0.90
a 15,000 .60 .75
& 15,000 .39 .66
2.6 © 15,000 .07 .59
v 25,000 .80 .59
A 35,000 1.01 .54 A
b 35,000 .81 .39 -~
N 49,000 .94 .24 ]
3,4 4 55,000 1.01 .20 5
P 50,000 -60 .18 bcorrected gpeed,
b 50,000 .40 .14 percent rated
4 50,000 .20 .13 .
2.3 /
VA 100
2.0 s
95
4 7
1.8 et A
7]
ava
1.8 4 d( A
e
1.4
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.8 3.8

Engine total-temperature ratlo, T,/T;

Figurs 6. - Engine pumping characteristics.

Exhaust-nozzle ares, 345 square inches,

¥are

¥e
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Corrected air flow, Wg 1~/01 /61, 1b/sec

150
A
146
A ,A/
142 A
|22
138 <
J M
/
134 / 7
///;// Altitude, Flight Reynolds number
126 Vr t Mach number index 1
// © 15,000 0.80 0.90
o 15,000 .60 .75
$ 15,000 .39 .66
< 15,000 .07 .59
122 / Vv 25,000 .80 .59 J
A 35,000 1.01 .54
A P 35,000 .81 .38
N 49,000 .94 .24
4 55,000 1.00 .20
118
/
3//
114 //
6600 7000 7400 7800 8200 8600

Corrected engine speed, N/~/6;, rpm
Flgure 7. - Effect of Reynolds number index on engine sir flow.
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26 ] RACA RM E53125

—— g:r
Altitude, Flight Reynolds number >
f+. Mach number index
0 15,000 0.80 0.90
O 15,000 .80 .75
$ 15,000 .39 .66
© 15,000 07 .59
v 25,000 .80 .59
A 35,000 1.0L .54
B> 35,000 .81 .39
q 48,000 .94 .24
4 55,000 1.0L .20
&
g 1.0
3 w0
& N0 o
o L o3 - >
b p‘! A
o
3 .9
43
(2]
2
3]
5,
5
.8
0 4 8 12 16 20 24x10%

Combustion parameter, WgT7

Figure 8. ~ Variation of engine combustion efficiency with combustion parameter.
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a7

1600 /
7
Engine-inlet ////
1400 temperag;re, Ts 4
74
1001 //
500 —
600 //¢;7
TOO ~
1200 _
& /%
P /
~ ’47,
=
. 1000
&
i
&
Q
w
m
Q
g 800
[
@
5]
o
=
g
£ 600
Bt
g
5
=
400
200
) 004 008 012 016 020 024

Ideal fuel-air ratio, We/3600Wg

Figure 9. - Engine temperature rise as functlion of idesl fuel-alr ratio. Lower
heating value, 18,700 Btu per pound; hydrogen-cerbon ratio, 0.171. (Data cobtained

from ref. 3).



Net thrust, Fp, 1lb

10,000

9,000

8,000

7,000

&, 000

5,000

4,000
0

—— =Limiting exhauet-gas temperature

True airspeed, Vg, knots
(a) Altitude, sea level.
Figure 10. - Varlation of net thrust and fuel Flow with true airspeed.

{E/F‘uelwflow, -
K 1?’.|:|,g:LnIeil gpeed, //g 1b/§r
\ percen;. rated /</><, -1
[~ 100 _
\.Q‘w ___—g— S e -
\ - ] R 11,00
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95 \ P~
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~
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Net thrust, F,, 1b

— = —Limiting exhsust-gas temperature
7000
Engine speed,
N, §
percent rated - Fuel flow,——
[, w
100 8000
6000 "f:j*"” P
e e el -
\ = = T
iy —4+—l__ | 95—
. T —_—
| 8000
— \""-h
\ -
4000 S o et
\
\\
-\
3000 "3;._.__. ‘—qﬁ—‘ —
-._\ T ey e w—
\
i
2000
0 100 200 300 400 500 800 . 700

Figure 10. - Continued. Varlation of net thrust and fuel flow with true ailrspeed.

True airspeed, V;, knots
(b) Altitude, 15,000 feet
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Net thrust, Fp, 1b

Fuel flow, Hf
— =~ Limliting exhaust-gas temperaiure 1b/hr
5000
2
/
36 P
7 [~ 14500
P
\-
3200 Va B
VA 4000
Engine speed, ’”
" ted o e
percent ratedf 7 ]
00, % T —— I3500
2800 y //
— L~
— o —
—— /‘/ /
P~ 95 7\
~~_] ~L P ™ |z000
2400 e e e 4 — //
\ - ,/_____.
90
\ i
-
200 I i
\ \ -
85 3000
\\
1500
1600
0 100 200 300 400 500 6800 700

True airspeed, Vg, knote

(c) Altitude, 35,000 feet.

Figure 10. - Continned. Variation of net thrust and fuel flow with true airspeed.
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— Limiting exhaust-gas temperature
1800
Fuel flow,
ra i
¥ 1lb/hr
L’
1600 Engine speed, N, o 2000
percent rated 7] /
100 < -
/"7’— R !
<~ 1800
K=
= 1400 >
o 95 A T ——
- / 16800
- <
= - —_—
g _ > —_— L~
P 1200 —f— o
2 X N e 1400
= ~-L
]
~g e p—
o~ - \ \\_&w
1000 ———t]
-.,_J-> [— 85 _}000
—~
500
800
o] 100 200 300 400 500 600

True airspeed, Vg, knots
(d) Altitude, 50,000 feet.
Filgure 10. - Concluded. Variation of net thrust and fuel flow wilth true airspeed.



32 T NACA RM EB53125

Altitude, Flight Reynolds number
10,000 . £t Mach number index
o 15,000 0.80 0.90
0 15,000 .80 .75
© 15,000 .39 .66 /
9,000 Lo/ 15,000 .07 59
! v 25,000 .80 .59 . /O‘
A 35,000 1.01 54
B> 35,000 .81 359
< 49,000 .94 .24 /
8,000 4 55,000 1.01 .20 7
7,000 /_
L
—
2 6,000
Py
5
=
4 5,000 bd
2
2 /]
4,000
3,000 54
2,000
1,000 //

0 500 1000 1500 2000 2500 3000 3500 4000
(1.26P7 - Bg)s lb/eq Pt

Figure 1l1. - Correlation of Jet thrust with exhaust-nozzle total pressure and ambilent
static pressure.
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Altitude, Flight Corrected Total-pressure
£t Mach engine speed, ratio,
nomber N, -\/91, rpm P7/po
(o} 15,000 .80 7996 3.45
(] 15,000 .80 6719 2.34
N 15,000 .07 7920 2.25
A 15,000 .07 6574 1.57
v 55,000 1.01 8093 " 4.51
A 55,000 1.01 7059 3.45
1.04
1.02 /
&7
ojo
£l 5
1 bd
o| @ 1.00
E @
BiE
o
o | &0
| o
Sk
gl s>
o] ® 98
et ”
o 2
wl
=18 =
<lo W o
5 &1 g
Iy sh
ke B
| J—
.96r? 0
o o
EE-SS EH
24
0 20 40 60 80 100

Distance, percent of radius from center line

Filgure 12. = Total-pressure profiles at exhaust-nozzle inlet, station 7

(4 rakes).



34 L] NACA RM E53I25
Altltude, Flight Reynolds number
ft Mach number index
o 15,000 0.80 0.80
o 15,000 .80 .75
$ 15,000 .39 .66
© 15,000 .07 .59 :
V 25,000 .80 .59 i
A 35,000 1.01 .54
P 35,000 .81 .39
i
é .04
o o
" 5 > =
bw /___.?——
fast R > P> et
g -
[ |'.‘J
LEID
A ow
[
—
—
& 0
6200 6600 7000 7400 7800 8200 8600

engine speed.

Corrected engine speed, K/+/61, rpm
Figure 13. - Variation of teil-pipe-diffuser total-pressure loss ratlo with corrected
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